Antigenic diversity in pathogenic microbes can be a result of at least three different processes: diversifying selection by acquired immunity, host-pathogen coevolution and/or host specialization. Here, we investigate whether host specialization drives diversity at ospC (which encodes an immunodominant surface protein) in the tick-transmitted bacterium Borrelia afzelii. We determined prevalence and infection intensity of ospC strains in naturally infected wild mammals (rodents and shrews) by 454 amplicon sequencing in combination with qPCR. Neither prevalence nor infection intensity of specific ospC strains varied in a species-specific manner (i.e. there were no significant ospC 9 host species interactions). Rankings of ospC prevalences were strongly positively correlated across host species. Rankings of ospC infection intensities were correlated more weakly, but only in one case significantly < 1. ospC prevalences in the studied mammals were similar to those in ticks sampled at the study site, indicating that we did not miss any mammal species that are important hosts for specific ospC strains. Based on this, we conclude that there is at best limited host specialization in B. afzelii and that other processes are likely the main drivers of ospC diversity.
Introduction
Pathogenic microbes often consist of a number of antigenically different strains, that is strains where acquired immunity to one strain provides little protection against others (Lipsitch & O'Hagan, 2007) . Population genetic analyses have shown balancing selection on antigenic loci (Wang et al., 1999; Weedall & Conway, 2010; Li et al., 2012) , suggesting that strain diversity is a result of adaptive evolution. Several nonmutually exclusive processes can account for the evolution and maintenance of antigenic diversity.
First, in vertebrate host-pathogen systems, antigenic diversity may be generated through diversifying selection by host-acquired immunity (i.e. immunity mediated by somatically recombined B-and T-lymphocyte receptors). Under this scenario, a new strain that is sufficiently antigenically different from existing strains can avoid acquired immunity in the host population and thereby increase in abundance (Lipsitch & O'Hagan, 2007) .
Second, antigenic diversity may be a result of hostpathogen coevolution. Antigens are, by definition, targets of acquired immune responses, but they may also interact with the host in other ways. If antigens interact not only with receptors of the acquired immune system but also with germ-line encoded variation in resistance mechanisms, this may result in antagonistic coevolution between host and pathogen, which can maintain diversity in both host and pathogen, for example through 'Red Queen dynamics' (Woolhouse et al., 2002) . There is evidence for this process from both invertebrate (Decaestecker et al., 2007) and vertebrate host-pathogen systems (Kubinak et al., 2012) . However, there are, to the best of our knowledge, not yet any studies demonstrating that such host-pathogen coevolution actually drives the evolution of antigenic diversity.
Third, antigenic diversity may result from host specialization (i.e. a form of multiple-niche polymorphism) (Brisson & Dykhuizen, 2004) . Many pathogens can infect multiple host species, and antigenic surface proteins are often virulence factors involved in host exploitation (see, e.g. Bisno et al., 2003) . Antigenic diversity may thus occur because different strains are adapted to exploit different host species. One example in support of this scenario is Salmonella, where antigenic diversity is driven by adaptation to the intestinal environment of different host species (Wildschutte et al., 2004) . Host specialization is likely to be particularly important for the maintenance of antigenic diversity of zoonotic pathogens, because they typically have broad host ranges (Woolhouse & Gowtage-Sequeria, 2005) .
In vertebrate host-pathogen systems, diversifying selection by acquired immunity is presumably the most general process driving antigenic diversity (Persson et al., 2006; Lipsitch & O'Hagan, 2007) . However, the potential importance of antagonistic coevolution and host specialization has rarely been investigated to date (but see Brisson & Dykhuizen, 2004; Wildschutte et al., 2004) . In this study, we evaluate the role of host specialization in the evolution of antigenic diversity in the tick-transmitted bacterium Borrelia afzelii, a common zoonotic pathogen.
Borrelia afzelii and its two sister species B. burgdorferi (sensu stricto) and B. garinii are the main causative agents of Lyme disease in humans and belong to a species complex containing 19 named 'genospecies' (Franke et al., 2013) . Borrelia afzelii and B. garinii are distributed throughout the temperate regions of Eurasia, whereas B. burgdorferi occurs in North America and, to a lesser extent, Europe (Kurtenbach et al., 2006) . All are multihost pathogens; in the case of B. afzelii, the main hosts include a wide range of small mammals, like voles, mice and shrews (Hanincov a et al., 2003; Hellgren et al., 2011) . Borrelia infections are considered to be chronic in both natural hosts and humans (Barthold et al., 1993; Hofmeister et al., 1999) . Population genetic studies of B. afzelii and B. burgdorferi have shown that they are highly clonal; that is, they consist of a number of strains with limited recombination Hellgren et al., 2011) . Different strains within a genospecies are often distinguished based on the immunodominant outer surface protein C gene (ospC). ospC is expressed during transition from the tick vector to the vertebrate host and acts as a plasminogen receptor, thereby facilitating dissemination in host tissue ( € Onder et al., 2012) . Hosts mount a strong antibody response to OspC, with limited cross-reactivity between strains (Probert et al., 1997) . A given host population of B. afzelii or B. burgdorferi normally harbours five to 15 different ospC strains (Wang et al., 1999; Brisson & Dykhuizen, 2004; Bunikis et al., 2004; Hellgren et al., 2011) . The pairwise sequence divergence between ospC alleles is high; most differ by 6-22% (although the distribution of pairwise differences is bimodal, and a few pairs differ by < 3%) (Wang et al., 1999; Strandh & R aberg, 2015) . Moreover, the frequency distribution of ospC strains in vector populations is typically more even than expected under neutral evolution (Wang et al., 1999) . Taken together, this suggests that ospC diversity is a result of some form of balancing selection.
Previous studies aiming to elucidate the nature of balancing selection acting on ospC have focused on B. burgdorferi. Brisson & Dykhuizen (2004) investigated the role of host specialization in maintaining ospC diversity through xenodiagnosis of wild-caught, naturally infected mammals. They found a total of 14 different ospC strains in four mammal species. Some strains had uniformly high or low prevalence across all four host species, but for some of the strains, prevalence varied in a species-specific manner. They concluded that 'interspecies multiple-niche polymorphism is necessary and sufficient to maintain the polymorphism at the ospC locus' (Brisson & Dykhuizen, 2004, p 715 ; see also Brisson et al., 2012) . More recently, Haven et al. (2011) sequenced the full genomes of 23 B. burgdorferi isolates. Based on various analyses and computer simulations, they concluded that strain diversity 'could sufficiently and parsimoniously be accounted for by negative frequency-dependent selection [by acquired immunity] targeting a small number of surface antigen loci and ospC in particular' (Haven et al., 2011, p 964 ; see also . These contrasting conclusions highlight that the relative importance of different processes in driving the evolution of diversity at ospC is still unclear.
To help resolve this issue, we here test whether ospC diversity in B. afzelii can be explained by host specialization, using a large data set on the prevalence and infection intensity of ospC strains in naturally infected wild mammals. If host specialization occurs, we predict a significant B. afzelii genotype-by-environment interaction (G 9 E; where different host species represent different environments) for Darwinian fitness of the pathogen. A G 9 E may be a result of differences in variance among environments and/or differences in ranking of genotypes among environments (Barrett et al., 2005) . For host specialization to maintain antigenic diversity, the ranking of genotypes should differ among environments, such that no ospC strain maximizes fitness in all hosts (Futuyma & Moreno, 1988; Fry et al., 1996) . We tested for host specialization (G 9 E) of B. afzelii strains in two ways: (i) whether the prevalence of ospC strains varies in a host species-specific manner, and (ii) whether infection intensity (number of bacteria per unit host tissue) of ospC strains varies in a host species-specific manner. The presence/absence and infection intensity of each ospC strain were determined by 454 amplicon sequencing in combination with quantitative PCR. Assuming that infections are chronic, a G 9 E for prevalence would indicate that ospC strains differ in their ability to infect different host species, whereas a G 9 E for infection intensity would indicate that ospC strains differ in their ability to replicate in different host species. Finally, to test whether rankings of ospC strains differ among host species, we calculated correlations across pairs of host species for both prevalence and infection intensity.
Materials and methods

Study system and fieldwork
We trapped small mammals during May-October 2006-2014 at Kalvs mosse, a damp deciduous forest (ca 24 ha) with extensive understory vegetation, at Revingehed in southern Sweden (55°42 0 N, 13°29 0 E). Trapping was performed using live traps (Ugglan Special, Grahnab, Gnosj€ o, Sweden), baited with grains and apple or carrot. The small mammal community at the study site is dominated by bank voles (Myodes glareolus), yellow-necked mice (Apodemus flavicollis), and common and pygmy shrews (Sorex araneus and S. minutus). Field voles (Microtus agrestis), wood mice (A. sylvaticus), harvest mice (Micromys minutus) and water shrews (Neomys fodiens) occur in smaller numbers.
From all trapped animals, we took a biopsy (∅2 mm) from the ear and stored it in 70% ethanol until DNA extraction. We also recorded body mass. During 2007-2008, bank voles were marked with subcutaneously implanted transponders, which allowed identification of each individual upon recapture. In the analyses of specialization, we include each individual only once (the first infected sample).
During May 2011, we also collected questing sheep ticks (Ixodes ricinus), the main vector of B. afzelii, at the study site to compare the frequency distribution of ospC strains in ticks and small mammals. The prevalence of Lyme disease Borrelia in ticks is relatively even over the season, but there is typically a slight peak in May (Reye et al., 2010; Mysterud et al., 2013) . Ticks were collected by dragging a white cloth over the vegetation and were subsequently stored in 70% ethanol until DNA extraction.
ospC genotyping of samples from mammals DNA was extracted from biopsies following the protocol of Laird et al. (1991) . All samples were screened for B. afzelii infection by real-time PCR, using primers that specifically target flaB of B. afzelii (R aberg, 2012) . Positive samples were subject to 454 amplicon sequencing of ospC. The 454 protocol has been described in detail in Strandh & R aberg (2015) . Briefly, partial ospC fragments (618 bp) were amplified with the inner primers (ospC Fn and ospC Rn) of the nested protocol by Bunikis et al. (2004) . Primers were tagged with Roche's extended MID set (N = 72). Lib-L libraries were prepared for unidirectional forward sequencing. Sequencing was performed in a total of 12 regions (quadrants) on four different 454 plates. The data set in the present report includes the data presented in Strandh & R aberg (2015) , plus data from three additional 454 plates. Demultiplexing of individual samples was performed with GENEIOUS (v. 6.0, Biomatters, Auckland, New Zealand).
To establish the composition of ospC strains in an amplicon, BLASTN (v. 2.2.27) searches (using default settings) were performed with the obtained reads against a local database containing all unique European B. afzelii ospC sequences available in GenBank (N = 42) (Strandh & R aberg, 2015) . Following previous studies of B. burgdorferi (Wang et al., 1999) , ospC alleles were divided into major groups. In the case of B. afzelii, pairwise distances were < 2.6% within groups and > 5.7% between groups. This resulted in 19 major groups, referred to as 'ospC strains', each with 1-10 variant alleles. ospC strains are named as in Strandh & R aberg (2015) . Sequences were assigned to an ospC strain when BLAST hit alignment length exceeded 300 bp and BLAST hit identity was at least 98%.
Absolute measures of infection intensity per strain and host individual were obtained by multiplying the proportion of reads of a given ospC strain with the total B. afzelii infection intensity as measured by qPCR targeting flaB (R aberg, 2012). Infection intensities are expressed as number of ospC copies per nanogram of host DNA.
To allow reasonable resolution of the ospC strain composition in a sample, we only kept samples that yielded ≥ 100 reads per amplicon. Moreover, we only kept ospC strains that constituted ≥ 1% of the reads in a sample (see Strandh & R aberg (2015) for motivation).
In each 454 run, we included > 20 technical replicates, to be able to estimate the reproducibility of detection of ospC strains (number of strains detected in both replicates/number of strains detected in a pair of replicates), and the repeatability of the proportion of a given ospC strain. The reproducibility of detection ranged from 0.8 to 0.9. Repeatability of proportions ranged from 0.90 to 0.99. ospC genotyping of samples from ticks DNA was extracted by a modified version of the Hot-SHOT protocol (Truett et al., 2000; R aberg, 2012) . We first screened ticks for B. afzelii by real-time PCR targeting flaB (R aberg, 2012). Positive samples were subject to Sanger sequencing of ospC (Bunikis et al., 2004) . As a large proportion of ticks have mixed infections, which cannot be resolved by Sanger sequencing, we used
strain-specific real-time PCR assays with primers targeting each of seven ospC strains that were most common in small mammals (see Andersson et al., 2013 for details) to determine strain frequencies.
Statistical analyses
To test for differences in prevalence of strains among host species, we performed generalized linear mixed models [proc glimmix in SAS 9.4; method = Laplace; dependent variable: prevalence of each ospC strain (presence/absence); fixed factors: ospC strain, host species, year, and their interactions; random effect: host individual]. To test for differences in infection intensities of strains among host species, we performed general linear mixed models (proc mixed; dependent variable: infection intensity of each ospC strain; fixed factors: ospC strain, number of ospC strains in an infection, host species, year and their interactions; random effect: host individual). To control for any variation in prevalence/ infection intensity related to host age, we also included body mass (a proxy for age; Z transformed for each host species separately) as a covariate, and body mass 9 host species, in both analyses. Nonsignificant terms were deleted in a stepwise manner (interactions first) at P > 0.1. P values for fixed effects were determined by F tests (type 3). Denominator degrees of freedom were determined by Satterthwaite approximation. All other analyses (Fisher's exact test; Kruskal-Wallis; Spearman correlations) were performed with SPSS 22 (IBM). 95% confidence intervals of Spearman correlations were estimated by bootstrapping (10 000 samples).
Data have been deposited at the SRA (accession SRP100682) and the Dryad Digital Repository (http:// dx.doi.org/10.5061/dryad.fg475).
Results
Small mammal samples
The data set consists of 3364 samples from eight species of small mammals (see Table S1 for numbers per species and year). Of these, 821 (24.4%) were positive for B. afzelii based on real-time PCR (see Table S2 for prevalence per species and year).
All positive samples were subject to 454 amplicon sequencing. We obtained usable 454-data (≥ 100 reads) from 535 samples from seven species (31 common shrews, seven pygmy shrews, 97 yellow-necked mice, two wood mice, three field voles, and 395 bank voles; of the bank vole samples, 56 were recaptures, so there are data from 339 bank vole individuals). The mean number of 454 reads per sample in the data set was 2058 (range 100-18713).
ospC strain frequencies across host species
We found eleven different ospC strains across all host species. Seven of them had a frequency between 7.1% and 20.1%, whereas the remaining four each had a frequency < 0.32%. ospC frequencies per year across all mammal hosts are shown in Fig. 1 . There was no difference in ospC frequencies among years (Fisher's exact test: P > 0.7).
Distribution of ospC strains in mammals
Each individual host had one to seven ospC strains. The distribution of the different ospC strains across infections with different numbers of strains is shown in Table S3 
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strain) versus mixed infections (N = 2-7 strains) did not differ from a random distribution (Fisher's exact test: P = 0.19). The number of ospC strains per infected host individual was right skewed (mean = 2.68; median = 2; Fig. S1 ). Focusing on the three species from which we had the largest number of infected individuals (common shrew, yellow-necked mouse and bank vole), there was a significant difference in median number of ospC strains between species (Kruskal-Wallis: P < 0.001). Post hoc tests showed that this was mainly a result of bank voles having a higher number of ospC strains than yellow-necked mice (Dunns test: P < 0.001; P > 0.07 for all other pairwise comparisons).
ospC frequencies in ticks
We collected a total of 517 nymphs in May 2011. One hundred and nine (21%) of these were positive for B. afzelii as determined by real-time PCR. From these, we obtained readable ospC sequences from 70 samples based on Sanger sequencing (the remaining did not yield a PCR product, or were mixed infections). Most of the ospC strains found in ticks were also found in mammals. One strain (ospC 8, N = 3) was only found in ticks, but not in mammal hosts. Furthermore, ospC 5 and 12, which were rare in mammals (Fig. 1) , were not found in ticks. The number of different ospC strains found based on Sanger sequencing of ticks with single infections is shown in Table S4 .
To obtain a more reliable estimate of ospC strain frequencies in ticks, the prevalence of the seven ospC strains that were most common in mammals were determined by strain-specific real-time PCR assays (including ticks with both single and mixed infections). The frequencies of these strains in ticks did not differ from the frequencies in mammal hosts from either 2010 or 2011 (Fisher's exact test, 2010: P = 0.38; 2011: P = 0.48; Fig. 2 ).
Host specialization
In the following analyses, we focused on the seven common ospC strains in the three host species from which we had the largest number of infected cases (common shrew, bank vole and yellow-necked mouse).
To test whether prevalence of ospC strains varied in a host species-specific manner, we performed a generalized linear mixed model (see Materials and methods). The host species 9 ospC strain interaction was not significant (F 12,2778 = 1.59, P = 0.09; Fig. 3 ; full model details are given in Table S5 ). The correlations of prevalences of the seven most common ospC strains across species were strongly positive [bank vole vs. common shrew: r s = 0.90 (95% confidence interval: 0.41, 1.0); bank vole vs. yellow-necked mouse: r s = 0.96 (0.70, 1.0); common shrew vs. yellow-necked mouse: r s = 0.85 (0.14, 1.0); N = 7 and P < 0.05 in all cases].
When the low-frequency ospC strains (ospC 5, 12, 13, 14) were included, correlations were even stronger (r s = 0.97, 0.91, and 0.95, respectively; N = 11, P < 0.01).
To test whether the infection intensity of ospC strains varied in a species-specific manner, we performed a general linear mixed model (see Materials and methods). Because very few individuals were infected with 5-7 strains (see Fig. S1 and Table S3), the data set was unbalanced with respect to the number of ospC strains. Therefore, we restricted this analysis to cases with N = 1-4 ospC strains. The term host species 9 ospC was not significant (F 12,701 = 1.55, P = 0.10; Fig. 4 ; full model details are given in Table S6 ). As has been found in a previous analysis based on a subset of the presented data (Strandh & R aberg, 2015) , there were Table S5 are presented.
significant effects of host species and number of ospC strains on infection intensity (Table S6) . Additionally, we observed significant differences among ospC strains, and a significantly negative effect of body mass on infection intensity (Table S6) .
The correlations of ospC strain infection intensities across species were not significant [bank vole vs. common shrew: r s = 0.43 (95% confidence interval: À0.41, 1.0), P = 0.34; bank vole vs. yellow-necked mouse: r = À0.29 (À1.0, 0.65), P = 0.54; common shrew vs. yellow-necked mouse: r = 0.0 (À0.89, 1.0), P = 1.0 (N = 7 in all cases).
Discussion
We investigated whether host specialization drives the evolution of antigenic diversity of B. afzelii by analysing the prevalence and infection intensity of different ospC strains across small mammal hosts. We found no conclusive evidence for host species-by-ospC strain interactions, although in the case of both prevalence and infection intensity interactions approached statistical significance (P ≤ 0.10). Pairwise correlations for prevalence of different ospC strains across host species were strongly positive and not significantly different from 1. Correlations for infection intensity among host species were weaker, and in one case (bank vole vs. yellownecked mouse) significantly < 1, indicating that rankings differed between host species. This correlation should be interpreted with caution, however, as there was no significant ospC-by-host species interaction. ospC frequencies were similar in small mammals and ticks, although we found one ospC strain in ticks that was not found in mammal hosts. Based on this, we conclude there is at best limited host specialization in B. afzelii.
One potential caveat of the present study is that the sampled species do not represent the full host range of B. afzelii. Other potential hosts at our study site include European hare (Lepus europaeus) and red squirrel (Sciurus vulgaris). The three most common host species in the present study (bank vole, yellow-necked mouse and common shrew) cover a broad phylogenetic range, though, and one could argue that if there is no significant specialization across voles, mice and shrews, it seems unlikely there should be ospC strains specialized on hare or squirrel (which are relatively close relatives to voles and mice). Moreover, the frequency of the seven common ospC strains was very similar in the analysed hosts and ticks, showing that these strains are unlikely to be specialized on hosts not included in the present study. Still, the finding of three cases of ospC 8 in ticks, but none in small mammals, suggests this particular strain might be specialized on some host species not included in the present study.
Another potential problem is that the infection intensity data may be too noisy to detect an ospC-by-host species interaction. The infection intensity presumably varies during the course of an infection, but the state of the infection is unknown when sampling naturally infected wild animals, so this source of variation cannot be factored out. Nevertheless, our analysis of naturally infected animals was sensitive enough to pick up main effects of both host species and ospC strains on infection intensity. Hence, it seems unlikely that biologically significant ospC-by-host species interactions would not have been detected.
In the present study, we only measured prevalence and infection intensity in the skin. Infection experiments with B. burgdorferi have shown that Borrelia spirochaetes disseminate to various internal tissues (in for example heart and joints) and that there is variation among strains in tissue tropism (Baum et al., 2012) . It is currently unknown whether B. afzelii strains show similar variation in tissue tropism and whether strainspecific tissue tropism is host species-specific (i.e. if there are host species-by-ospC strain interactions for tissue tropism). If such interactions occur, pathogenicity of strains may be host species-specific. However, we argue that host species-by-ospC strain interactions for tissue tropism alone (in the absence of host speciesby-ospC strain interactions for prevalence/infection intensity at the site of transmission, i.e. the skin) are unlikely to explain evolution of antigenic diversity. This is because evolution of antigenic diversity by host specialization requires that strain fitness (transmission from vertebrate host to tick vector) varies in a speciesspecific way, and Lyme disease spirochaetes do not transmit to ticks directly from internal tissues.
What extent of host specialization is required to maintain diversity at antigenic loci? The key assumption behind models of specialization and maintenance of genetic variation in a heterogeneous environment is that loci involved in specialization have antagonistic effects on fitness in different environments such that Table S6 ).
no genotype has highest fitness in all environments (Futuyma & Moreno, 1988) . This has often been taken to mean there should be a negative genetic correlation across environments (Futuyma & Moreno, 1988; Fry et al., 1996) . In our study, there was little evidence for significant negative correlations of ospC prevalences or infection intensities across host species. Similarly, in a previous study by Brisson & Dykhuizen (2004) , there were significant ospC-host species associations across four mammal species (mouse, chipmunk, squirrel, shrew; Brisson & Dykhuizen, 2004) , but correlations across species were still strongly positive (r = 0.53-0.84, N = 14; calculated from data in table 3 in Brisson & Dykhuizen, 2004) . Thus, neither our study nor Brisson & Dykhuizen (2004) provide evidence for negative genetic correlations across species. It should be noted, though, that antagonistic pleiotropy at one or a few loci can be obscured by background genetic variation for fitness Fry et al., 1996) . As B. burgdorferi and B. afzelii have highly clonal genetic structures, in particular on a small geographic scale Hellgren et al., 2011) , a given ospC allele occurs mostly on the same genetic background within a population. Thus, across-host correlations ≥ 0 are not necessarily inconsistent with maintenance of genetic variation. Investigating ospC-host associations at ≥ 2 different populations, which differ in how ospC is linked to the rest of the Borrelia genome, would thus allow to further elucidate the role of antagonistic pleiotropy in shaping ospC diversity. If there is an effect of both host species and population on the fitness of an ospC allele (i.e. an ospC-by-host species-by-population interaction), this would provide evidence for maintenance of antigenic diversity by host specialization.
Our study showed that ospC frequencies were remarkably stable over time; in fact, there was no significant change over nine years. Some authors have argued that selection by acquired immunity should lead to fluctuating allele frequencies at antigenic loci (e.g. Kurtenbach et al., 2006) , because this kind of selection is negative frequency-dependent. The stable ospC frequencies observed in our study would thus be inconsistent with this scenario. However, negative frequency-dependent selection (by acquired immunity or other factors) does not necessarily lead to fluctuating allele frequencies; it could also result in allele frequencies being more stable than under neutral evolution (i.e. drift; Gupta & Maiden, 2001; Gomes et al., 2002; Le Rouzic et al., 2015) . Thus, the critical test of negative frequency-dependent selection is whether allele frequencies are more or less stable than expected by chance (it should be noted that also antagonistic coevolution involves negative frequency-dependent selection, so time series analyses would not be able to distinguish between diversifying selection by acquired immunity and antagonistic coevolution). Our data series is unfortunately not long enough to perform such an analysis, and we are not aware of any other study that has investigated this issue empirically.
To conclude, our study on B. afzelii ospC strain prevalence and infection intensity in mammal hosts and tick vectors provide little evidence for host specialization. Until further evidence for host specialization is available, we suggest other processes, such as diversifying selection by acquired immunity or antagonistic coevolution, are likely the main drivers of ospC diversity.
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